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Abstract In this paper solution of mixed complex boundary value problem of first order is considered. The basic term in
the problem with respect to space variables, has Cauchy-Riemann operator. We first use Laplace transformation to introduce
spectral problem. Then we investigate for corresponding Fredholm’s type. The spectral problem here is different from
classical boundary value problems. Here boundary conditions are nonlocal and global and in general linear. At the end we find
asymptotic expansionfor the solution of spectral problemwhich depends on unknown complex parameter. With the help of
this asymptotic expansion we prove existence and uniqueness of mixed problem.
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1. Introduction

Let time #€(0,%0), space variables x = ( X, xz) e IR? and D — JR? be a bounded connected region.
I'= D\ D is considered as a boundary of D where every vertical line to X | axis can intersect the boundary at most at

two points. Here we assume that X, axis divides [ in two curves Fl, 1"2 respectively. Equations for 1"1 and Fz are

given by
X € [avbl]’xz =7,(x):k=12.
Consider the following complex, linear partial differential equation
ou(x,t) Ou(x,t) N Jou(x,t)
= I
ot Ox.

+a(x)u(x,t)+ f(x,1),

X

2 1

xeDc IR, t>0, (1)
with boundary condition

o, (x u(x,, 7, (x)),1) + o, (x u(x,, 7, (x,),1) +

J‘[Kl('xl’gl)u(glﬂyl (&), +Kz(xl’gl)u(gl’y2(§1)’t)]d§1 +

4

[K(x,oug,ndé =a(x,1) |
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x, €la,,b ] IR.t>0 )

and initial value
u(x,0)=¢(x).xeD. 3)
where a(x), f(x,0), a,(x), j=L2, ¢(x) and a(x,t) are given continuous functions. K, (x,,&) for
j=1,2 and K(x,,&) are given continuous kernels or they contain weak singularity. [ the boundary of [) is

Lyapunov curve or piecewise Lyapunov. Let x, =y,(x,), k=1,2 as a curve l“k be differentiable and its
differential is of Holder class.

Mixed partial differential equations are basically considered for parabolic (Heat equation) and hyperbolic (wave equation)
kinds of problems ([4], [5], [6]). In these cases number of boundary conditions (for local conditions) is the half of highest
order of derivative of unknown function with respect to space variables, (for even orders), ([4], [5], [6]).

The problem of investigation in this paper is basically aelliptic equation, i.e. Cauchy-Riemann equation. Note that in
classical mathematical physics problems, the simplest canonical elliptic equation is Laplace equation, which is of second
order. Here our problem is of first order with mixed boundary conditions.

Here, if the boundary condition is Dirichlet’s (with any unknown equation in all over the boundary ") then the problem
has no solution, i.e. the problem is not well posed. In this problem boundary condition is nonlocal and the number of
boundary conditions is equal to highest order of derivative with respect to space variables ([7], [8], [9]). This phenomenon is
similar to ordinary differential equations.

2. Spectral Problem
Applying Laplace transformation ([4], [9]) to mixed problem (1-3) gives:

0 0

J’e—ﬂ.t 6”()&',1‘) dt :J‘e—it 8U(X,t) dt +Z-J'e—ﬂ.t 8u(x,t) dt +
0 ot 0 ox, 0 ox,

0

+ _[e_“a(x)u(x,t)dt + Te_’“f(x, t)dt

0

where 4 = ¢ 4+ [ 7 isacomplex parameter, ¢ > () and 7 & [R . Now, considering (3) and integrating by parts from left
hand side of above equation and by accepting

e u(x,0)dt =ii(x,2).xe D “)
0

[e f(x,t)dt = f(x,A).xeD ®)
0

we can write

ou(x,A) v ou(x,A)
ox, ox,

an

—Au(x,A)=F(x,A).xeD ©)

where
F(x,A)=—f(x,A) — o(x) — a(x)ii(x,A).xe D )
Similarly we may find from boundary condition (2) that

al(‘xl)ﬁ('xl’yl('xl)’ﬂ’) + a2(xl)1’7(xl’}/2(xl)’ﬂ“) +
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by

I[Kl (. ED(E 71 (6 A) + Ky (3, E)iE(&, 7, (6), D) ]d +

[K(x, 8¢, Mdé = a(x,2), x €[a,b] ®)

where
a(x,A)=[ea(x,1) ©)
0

The problem found from (6) and (8) is called spectral problem dependent on mixed problem (1-3). Since in this problem we
do not have any derivative with respectto 4 we call 4 as a spectral parameter.

Remark 1: In the spectral problem (6) and (8) the continuity of kernels K (xl . f ) and K j (Xl ) 5 1) , ] = 1,2, is of

great importance. If they are not continuous, they are dependent to linear combination of Dirac delta-functions. Then it is
possible to determine minimal and maximal operators for (6) in region [) [9]. In this case we may find arbitrary operator
between minimal and maximal operator from (6) and (8). In the other words, arbitrary operator may be given with help of
boundary condition (8) by squeezing down the domain of maximal operator. This is in contradiction with whatever we
assume in functional analysis when we are working with theory of operators dependent to differential equations, i.e. we
assume that it is not possible to find ordinary operator between maximal and minimal operators ([9], [10], [16]).

3. Finding Necessary Conditions

It is obvious that equation for adjoint problem of spectral problem (6) and (8) is in the form
oV(x,A) N OV(x,A)

- i
Ox

2

v =

—AV(x,2)=G(x,A), xe D (10)

ox,

where (5 is an arbitrary function ([3], [4]).
In order to find fundamental solution for equation (10), we use Fourier transformation ([3], [11]), then we have

1 e_ic(xl_érl )+iT(x=&)
Vix=&,A)=——- : (11)
2ri x, =& +i(x, = &)

where

_OV—EA) V(=& )

—AV(x=E,2)=8(x=&) (12)
Ox

Oox

2 1

while 0(x — &) is a two-dimensional Dirac delta-function.
Theorem 1: Let region [) be a connected bounded area in JR?, and its boundary [ be of Lyapunov curve type (or it is
piecewise Lyapunov curve). Assume every vertical line to X, axis, intersect the boundary [ in at most two points.
Moreover, if F(x, ﬁ) is a continuous function, then every solution to (6) in 5 is satisfying (13).
Proof: Following the technique in [7] and [8] we try to find arbitrary solution for (6) in a given region [) . We are looking for
those necessary conditions which the solution itself satisfy in them. Multiplying both sides of (6) by 17()(: - 5 R ﬂ,) and
integrating over region ) we may write

JMV(;C—f,ﬂ)dx+if@17(x—§aﬂ)dx_

D 2 1

Afa(x, )V (x= &, A)dx = [ F(x, A)V (x— & A)dx.
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Applying Ostrogradsky-Gauss formula to the first two terms of above equation or integrating by parts ([3], [4]) gives

[iax, )7 (x =&, 2)[cos(n,x,) +i cos(n, x,)] dx +

r

ja(x,/l){ V(x=EA) V(-2

—I(x—g,z)dez

Ox Ox

2 1

[Fe, )P (x=¢, A)x

where 11 is the outer normal vector at point X on [ . Now using (12) and properties of Dirac delta function ([3], [7]) we
will find

[ FOe AV (= £, Aydx = [i(x, )V (x = &, ) [cos(n, x,) + i cos(n, x,) ] dx =

r

u(g,A);  ceD

13
S £eT. (4

Thus the solution is received in a form dictated by the second Green formula. The similar problems whosesolutionsare
searched in the form of the sum of various potentials are investigated by O.G.Asadova in works [18],[19].
Let us assume

(i) The right hand side of boundary condition (8), & (xl ,A) is differentiable [of class C M (a] , b] ) 1 and vanishes at

a, and bl,i.e.
a(a,A)=a(b,A)=0. (14)

(i) 51 ()C1 ) , 52 (Xl ) in boundary condition (8) are of Holder class.
(iii) Kl (xl , 51 ) , K2 (xl , 51 ) the kernels inside the integral term of (8) are continuous or they contain weak

singularity.
Theorem 2. If assumptions (i), (i7), (iif) and conditions in Theorem 1 hold true then solution to boundary value problem (6)
and (8) satisfies regularization relations (17).

Proof. Now we try to replace boundary [ with 1"1 and 1“2 introduced in section 1. Consider the last term of (13), we can

write

1 —
Ea(é:]’yk (§|)’j’) = J.F(x’l)V(xl _gpxz _7/k (fl),/l)dX'l‘

by
Iﬁ(xlﬂyl(xl)iﬂ’)ﬁ(xl _é:l’}/l(xl)_yk(§1)>ﬂ’)[1_i7/1’(x1)]dxl -

a
b

[0, 7,0, A7 (5= & 72 () = 7, (£, D1 =73 () ] i,

k=1, 2,§le[al,bl]. (15)

If the fundamental solution (11) is substituted into (15), in the resulting equality, then for k£ =1 the integral kernel of the
second term and for f = 2 the integral kernel of third term have singularity. Considering these terms we will find
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TE (&) A = [T ‘(?”) dx, + B(,,2)
a X — g
J L (16)
TGy (£ )2 = [T 2(;3)’” v, + By(&,2)
a X — ¢

where B k (f 1> ﬂ) , k= 1, 2 , are the functions with weak singular terms.
Remark 2: For those who are interested in numerical approach, one may write 53 ) (f I ﬂ) and B 5 (f 19 ﬂ,) in the

following forms:

B(£.2) =2 F(x, )V (x, = &%, = 7,(&). 1) -

2[d(x,,7,(0), AV (3, = €. 72(%) = 1) A (1= i3 (3, ), =

aq

1 ’jm(m(xl,;)) mxl)u(xl,yl(xl) A g s

T3 1-iy/(0,(x,8) -$
. b )
LJ. 1_171 (Xl) e—i()ﬁ—51)[771'(0'1(151,51)—6’] _1} ZZ(X 7 (x ) /1) dxl
LI 1°/71 1/
ﬂ'all_l%(al(xpé)) 14

we also have

B,(£. ) =2[ Fx, AV (x,= &%, = 1,(&), 1) +

2Iﬁ(x1a 71(%), /1)17()61 =& 71 (x0) = 7,(8), A) (I=iy{(x,))dx, +

q

J'72(O-2(x|a§1)) }/2()6]) u(xla?/z(xl) /1)
al _172(0-2()‘71’51) é:l

. b il

1 J‘ 1_172 (x1) {e—i(xl—fl)[f}’é(Uz(xlsfl)_‘l _1} ﬁ(x 4 (x ) ﬂ) dXI
.y v ’

V3 11_17/2(0-2(3‘1551)) %o

where Gl(xl,éjl), Gz(xl,é:l)are points between X, , é:l .

Multiplying first and second terms of (16) by &, (g 1) and — &, (f 1) respectively and add two resulted equations. The

right hand side of obtained equation have terms with strong singularity. Multipliers of these singularities (in the integral) are
nonlocal terms in boundary condition (8). We determine these terms from (8) and by substitution we obtain.

a, (61 )7/7(51 Y4 (51)3/1) -, (51 )7/7(51:72 (51)31) =
L i@ -a el 70,2 +

dx,
—g " |

+o, (&) — oy () Ji(x,, 7, (x), ﬂ}
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Q (51 )Bl (51 > ﬂ“) -, (51 )Bz (51 > ﬁ“) +

_I a, (x)u(x;, 7, (x), A) + a, (x)u(x,, 7, (x,), ﬁ)] 5

. by by
L_[ & 0~((X1ﬂ)_.”K1 (x, )y, v, (), A) + Ky (xg, )i, v, (), l)]dnl -

aq

jK(xl aﬂ)ﬁ(ﬂyﬂ)dﬂ} +,(5)B,(&,4) -, (8)B,(&, ) +

ﬂal xl_fl

4 j (@, (&) = ())iE(x,, 7, (5), )+ [ @, (6) = @, (x) it x,, 7, (), 4)} (a7

é

Remark 3: It is obvious that assumptions (i)-(iii) are sufficientto keep right hand side of (17) regular. The first term of right
hand side in (17) needs (i), second and third term need (iii) and the last term needs (ii) to be held.

4. Fredholm’s Type

Regularization relation (17) plus boundary condition (8) make a system of integral equations with unknowns
u(x,,y,(x,),A), k=1, 2 If conditions (i)-(iii) and the following condition are satisfied:

(iv). in boundary condition (8) the multipliers «, (x,) #0, k=1,2, where x, € [aI ,b, ] then the above system of

integral equations can be transformed to the normal (canonical) form, where kernels of these integrals contain weak
singularity. Hence the following theorem holds:

Theorem 3: If additional assumption (iv) to conditions in theorem 2holds, then the boundary value problem (6) and (8) is of
Fredholm’s type.

Proof: Indeed system (8) and (17) with respect to function u ()C1 g (xl ), ﬂ.) , k= 1, 2 isa linear system and is linear
dependent to function #(x,A), x € [ . If this system of equations has unique solution then it is in the form
17()6] g (xl ), ﬂ.) and it is linearly dependent to function u (x, ﬂ), X € D . Now consider the solution obtained from

the above discussion and substitute it into the first relation of (13), hence u (x . ﬂ) , which is a Fredholm integral equation of

second type, is obtained. This is a proof that boundary condition problem (6) and (8) is of Fredholm’s type.
Remark 4: Aliev and Ebadpour [1] considered the boundary value problem (6) and (8) for the special case 4 = () . They

proved that for 4 = () problem (6) and (8) is of Fredholm’s type.

4.1. Solution to Problem and Its Asymptotic

Theorem 4: Let conditions in the theorem 3 holds, if a(x) is continuous, (p(X) =0 and functions f (X,Z ) ,

a (xl ,1 ) satisfy in condition (v) then for large enough absolute values of /A , solution of problem (6) and (8) exists and

for this solution, the following asymptotic will obtain:
~ -3
\u (x,l)\ = O(W ),x eD . (18)

Proof: We can wrij )
M

(v). Function is three times differentiable with respect to I If we also assume that

flx 0)—af(“) =0, (19)

t=0

In section 3, we explained how the solution of boundary value problem (6) and (8) will be obtained from the first relation of
(13), i.e.
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(&, 2) = =[ a(x)V (x= & Ai(x, A)dx — [ $(x)V (x — €, A)dx -

[ T A (= A+ j 705, 7,8, A (5, = &7, (35) = &5, AN =7 (3, —

4
b

[, 7, (), DV (x5, =€, 7, () =&, AU =iy (x))d, e D (20)

4

The third term (20) for large enough ‘/’L‘ satisfies the relationship

[ £, AW (x = &, 2)dx = OQA\_3

Substituting fundamental solution (11) in (20), we obtain asymptotic of problem (6) and (8). Without losing generality, we
assume

p(x)=0,xeD @1)

this forces problem (1) and (2) not to be homogeneous. This implies that the second term in (20) vanishes.
To get asymptotic from third term of (20), we first write (5) in the following way:

—at|®

Feiy=Je fxndi=f (x,f)e_7 +

t=0

® -t |*
Lipn @G0y S0 1 i) e -
yl ot A Al et =2,

0

Te s f(x 0, } f(x,0) 19 (x0)
A A o |

0

1| ofne™

3
- - —At a f(.;C,t) dt
Aot Al ot

1%
+Z£e

If ‘z?(x , ﬂ)‘ is bounded for the largest absolute value of 4 then the first term in R.H.S. of (20) converges to zero with the
speed of Fourier multipliers. Similarly, the last two terms in R.H.S. of (20) converges to zero with the same speed. If
‘LNl(xl g ()C1 ), ﬂ,)‘ for k = 1, 2 is bounded then from (20) we obtain:

limu(x,A)=0 yep. (22)

T—>+0

Now if we ignore all those terms with singularity in (15), we may write
lim # (x,,7,(x),4) =0 x €la,, b, ] k=1,2 (23)
T—>+0

Remark 5: Existence and uniqueness of the solution to Schrodinger equation (an equation which is independent of time and
dependent to parameter) with nonlocal boundary condition is proved by Kavei and Aliev [13].

4.2. Solution to Mixed Problem

With the help of Laplace transformation the solution to mixed problem (1-3) may be written as follows ([4], [11]):
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u(x,t)= 2L Ie“ft(x,/i)di (24)

c—ioo

We considered in (18) that the solution of (24) and first derivatives (with respectto X, X, and 1) exist, i.e. in (24) we may

let derivative appear inside integral.
Theorem 5: Let conditions in theorem 4 hold true, the solution to complex problem (1-3) exists, is unique and is in the form
(24).

Proof: Substituting (24) into equation (1) gives ([12]):

Ou _ u —i Ou je /Iu—a—u—za—u dA =
ot 0Ox, 0x " 2xi i ox,  Ox
_L j eHF (x 1)611_— j 1 Fx, A)dA+

1 c+io

— | e"a(x)ii(x, A)dA= £ (x,0) + a(x)u(x,1).
2ri 7,

This means that relation (24) satisfies equation (1).
Now substitute (24) into the left hand side of (2), then we obtain:

o, (e Ju(xy, 7, (x),1) + 0y (X Julx,, 7, (x,),1) +

J‘[Kl(xlaél)“(é:?ﬁ(gl), t) +KZ(XUgl)u(gl’yz(gl)’t)]dgl +

4

c+ioo

j K(x,9u(€,0dé =— I CACHEWACHW IR

aZ(xl)ﬁ(xD}/Z(xl)’ﬂ’)+J-[Kl(‘x19§1)u(§1’7/1(§1)9/1)+KZ(‘XI’51)”(619}/2(61)9/1)]6114:1 +

1 c+ioo

| K(xl,f)u(ff,l)dé}di =— [ "a(x, A)dA=a(x,1)
D 27[1 c—ioo

i.e. relation (24) satisfies boundary condition (2) ([12]).
Finally by substituting relation (24) into (3) we obtain

u(x,0) =% [i(x,2)dA. 25)

c—io©

From fundamental solution (11) and asymptotic relation (18) we observe that if we change the Laplace line with the limits of
right half side circles, with the help of Jordan Lemma ([14], [15]) it is obvious that relation (25) vanishes. Therefore,we may
write down the following theorem for the mixed and complex problem (1-3).

5. Related Open Problems

(a) Verifying boundary value problem (6) and (8) where boundary [ ofregion [) is not Lyapunov curve.
M —
(7/k(x1)ec ([al’bl])’ k=1, 2)

(b) Verifying problem (6) and (8) where [ is Lyapunov but [) is not a connected region.
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(¢) Finding the solution for the following problem:

ou(x) _ ou(x) i ou(x)
Ox, ox, Ox,

x=(x,, x,, x;) e Dc IR’

with boundary condition

ZZ: o, (Xux'sy, () + [ K (3, ENu(E'y,(E)dg" |+

J=1

[K(,ou(@)ds = alx)

wherex':(xl,xz)eScle andl’, © X =7/k(x'),k=1, 2.xeS.i=+—1
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